Glycosaminoglycans (GAGs), such as chondroitin sulfate (CS) and dermatan sulfate (DS) from various vertebrate and invertebrate sources are known to be involved in diverse cellular mechanisms during repair and regenerative processes. Recently, we have identified CS/DS as the major GAG in the brittlestar Amphiura filiformis, with high proportions of di-and tri-O-sulfated disaccharide units. As this echinoderm is known for its exceptional regeneration capacity, we aimed to explore the role of these GAG chains during A. filiformis arm regeneration. Analysis of CS/DS chains during the regeneration process revealed an increase in the proportion of the tri-O-sulfated disaccharides. Conversely, treatment of A. filiformis with sodium chlorate, a potent inhibitor of sulfation reactions in GAG biosynthesis, resulted in a significant reduction in arm growth rates with total inhibition at concentrations higher than 5 mM. Differentiation was less impacted by sodium chlorate exposure or even slightly increased at 1-2 mM. Based on the structural changes observed during arm regeneration we identified chondroitin synthase, chondroitin-4-O-sulfotransferase 2 and dermatan-4-O-sulfotransferase as candidate genes and sought to correlate their expression with the expression of the A. filiformis orthologue of bone morphogenetic factors, AfBMP2/4. Quantitative amplification by real-time PCR indicated increased expression of chondroitin synthase and chondroitin-4-O-sulfotransferase 2, with a corresponding increase in AfBMP2/4 during regeneration relative to nonregenerating controls. Our findings suggest that proper sulfation of GAGs is important for A. filiformis arm regeneration and that these molecules may participate in mechanisms controlling cell proliferation.
Introduction
Glycosaminoglycans (GAGs) are linear polysaccharides built of repeating disaccharide units. GAGs of the heparan sulfate (HS)/heparin and chondroitin sulfate (CS)/dermatan sulfate (DS) type are Osulfated at different positions of the monosaccharide building blocks to create a vast structural microheterogeneity of chains. These GAGs are covalently linked to core proteins to form proteoglycans (PGs) that have different topological distribution and are expressed in a cell and tissue specific manner, adding an additional level of complexity (Handley et al. 2006; Nandini and Sugahara 2006) .
GAGs interact with proteins such as growth factors and their receptors, thereby influencing cell proliferation, migration, and differentiation and thus play important physiological roles during complex processes like wound healing or regeneration (Casu and Lindahl 2001; Brandl et al. 2006; Nandini and Sugahara 2006; Bishop et al. 2007 ). Marine animals, including brittlestars, are characterized by remarkably highly sulfated GAG structures (Kinoshita et al. 1997; Ueoka et al. 1999; Nandini et al. 2004; Ramachandra et al. 2014) . CS and DS are evolutionarily conserved (Medeiros et al. 2000; Yamada et al. 2011) , related linear polysaccharides built of repeating disaccharide units composed of hexuronic acid-glucuronate (GlcA) or its epimer iduronate (IdoA)-linked to N-acetyl-galactosamine (GalNAc) residues. Examples of such highly sulfated species include CS and DS isolated from shark cartilage (Hikino et al. 2003) , squid cartilage (Kinoshita et al. 1997) , hagfish notochord (Ueoka et al. 1999) or ascidians (Pavão et al. 1998) . Notably, such polysaccharides have been implicated with biological activities such as inhibition of blood coagulation (Mourão et al. 1996) or promotion of neurite outgrowth (Hikino et al. 2003) .
CS/DS biosynthesis occurs in the Golgi apparatus and involves polymerization of GlcA and GalNAc units by glycosyltransferases, followed by C5-epimerization of some of the GlcA to IdoA residues, and sequential modifications by various sulfotransferases (KuscheGullberg and Kjellén 2003) at different positions (for an overview of biosynthesis see Supplementary scheme). The process results in products of structural diversity and heterogeneity, in apparently template-independent manner. Modifying enzymes include O-sulfotransferases as CS 4-O-sulfotransferase (C4ST), 6-Osulfotransferase (C6ST) and uronyl 2-O-sulfotranserferase (UST), each of which transfers a sulfate group from the common sulfur donor 3′-phospho-adenosine-5′-phosphosulfate (PAPS) to the 4-or 6-hydroxyl group of GalNAc, or to the 2-hydroxyl group of GlcA/ IdoA units. The resultant disaccharide units are mono-O-sulfated (GlcA-GalNAc4S; GlcA-GalNAc6S), di-O-sulfated (GlcA2S-GalNAc4S; GlcA2S-GalNAc6S; GlcA-GalNAc4,6S) or tri-O-sulfated (GlcA2S-GalNAc4,6S). The DS generated by formation of IdoA units is sulfated in similar manner, by dermatan-4-and 6-O-sulfotransferases and by UST (that targets both GlcA and IdoA residues) (Ueoka et al. 1999; Mizumoto, Ikegawa, et al. 2013; Mizumoto, Murakoshi, et al. 2013) .
Amphiura filiformis (Ophiuroid) is a burrowing brittlestar that extends arms into the water column for suspension feeding. A. filiformis autotomizes arms to protect itself from predator action. Upon loss of limbs, epimorphic arm regeneration is initiated through blastema formation of proliferative and migratory undifferentiated cells (amoebocytes and coelomytes) and morphallaxis, i.e., rearrangement of pre-existing cells Biressi et al. 2010) . Regeneration of arms can be induced under experimental conditions by intersegmental ablation (Dupont and Thorndyke 2006) . Regeneration starts with initial wound healing at 12-48 h post amputation (p.a.) followed by blastema formation, a mass of cells forming a bud-like outgrowth after 1 week (Biressi et al. 2010) . After 3 weeks of regeneration a differentiation index (DI, defining the ratio of differentiated vs. total regenerated arm length) of~50% is reached with clearly visible podia and spines in the proximal part of the regenerate, and an undifferentiated distal tip having a terminal spine. After 5 weeks a DI of~95% is reached with only a short nondifferentiated tip left at the distal end of the arm. Recent work has shown CS/DS structures with remarkably high sulfate content in A. filiformis that could potentially correlate with the excellent regenerative capacity of this species (Ramachandra et al. 2014) . The regeneration process has been shown to be nerve dependent involving neurohormones and growth factors such as members of the transforming growth factor β (TGFβ) family (Patruno et al. 2002; Bannister et al. 2005; Bannister et al. 2008) , suggesting that these may participate in molecular mechanisms of regeneration (Alejandro 2000) .
Evolutionary gene analysis shows that members of the TGFβ superfamily, including the bone morphogenic proteins (BMPs), regulate various biological processes from development to adult tissue homeostasis in metazoans (Huminiecki and Goldovsky 2009; Moustakas and Heldin 2009) . BMPs have been associated with several skeletal repair and regeneration processes (Nakase and Yoshikawa 2006) . In echinoderms, BMPs have been shown to play a role in cell fate determination to define the sea urchin embryo vegetal axis (Nakase and Yoshikawa 2006) , and in arm regeneration of the crinoid Antedon bifida (AnBMP2/4) (Patruno et al. 2002) . Furthermore, TGFβ and BMPs have been shown to interact with extracellular matrix (EM) structures especially with PGs containing GAGs (Maniscalco and Campbell 1994; Takada et al. 2003) .
We therefore sought to analyze the engagement of A. filiformis GAGs and their relation to BMPs during arm regeneration. Advances in sequencing and microarray analysis of A. filifomis genes (Burns et al. 2011; Burns et al. 2012 ) offered possibilities to correlate expression of CS/DS-biosynthetic enzymes with that of AfBMP2/4 during limb regeneration. In the present study we observed an increase in highly sulfated CS/DS structures during the progression of regeneration, which correlated with the expression of three CS/DS biosynthetic genes potentially responsible for the structural changes observed, chondroitin synthase (Chsy-1), chondroitin-4-O-sulfotransferase-2 (C4ST-2) and dermatan-4-O-sulfotransferase-1 (D4ST-1). Deprivation of sulfation during regeneration by sodium chlorate treatment on the other hand severely affected the process, by hampering arm regrowth.
Results
Highly sulfated CS/DS are localized in distinct arm structures of A. filiformis A. filiformis contains highly sulfated GAGs of CS/DS type (Ramachandra et al. 2014) . For this reason we analyzed GAG chains isolated from different body parts of the brittlestars. Extensive cleavage of the chains by the endo-galactosaminidase CS: ase ABC yielded disaccharides with a 4,5-unsaturated uronic acid residue (ΔHexA) at the nonreducing end (Figure 1) . Dominant disaccharide species in both disc and arm samples were the di-Osulfated ΔHexA(2S)1-3GalNAc(4S) (abbreviated 2S4S) and ΔHexA (2S)1-3GalNAc(6S) (2S6S) and the tri-O-sulfated disaccharide ΔHexA(2S)1-3GalNAc(4,6S) (2S4S6S), while only small amounts of mono-O-sulfated disaccharides (ΔHexA1-3GalNAc(4S) (4S), ΔHexA1-3GalNAc(6S) (6S) and ΔHexA(2S)1-3GalNAc (2S)) were recovered. The relative distribution of the different disaccharide species ( Figure 1A ) indicated a predominance of the tri-O-sulfated units in arms while the disc part contains proportionally more of the di-O-sulfated 2S4S disaccharide. Overall sulfation of arm CS/DS is 2.4 sulfate groups/disaccharide ( Figure 1B ), while the overall recovery of CS/DS was similar for disc and arms ( Figure 1C) .
Digestion of GAGs with heparin lyase, followed by reversed-phase ion-pairing high-performance liquid chromatography (RPIP-HPLC) and Tris/Borate/EDTA polyacrylamide gel electrophoresis (TBE-PAGE), failed to reveal any susceptible material ( Supplementary  Figure 1) , in support of our previous conclusion (Ramachandra et al. 2014 ) that HS is either absent or a minor component compared to other GAGs in A. filiformis.
To investigate the anatomical distribution of CS/DS in arm tissue we stained tissue sections with Alcian blue at conditions selective for sulfated polysaccharides (Noborn et al. 2011) . The staining appears most pronounced lining the arm wall (epithelium), outer layer of podia, coelomic cavity and spines ( Figure 2A , black arrow heads) whereas muscle structures appeared devoid of GAG structures (Supplementary Figure 2) . Similar sections were then subjected to staining with phagedisplay antibody LKN1, selective for DS epitopes (Lensen et al. 2006) . LKN1 staining of arm sections ( Figure 2B ) is similar to that of Alcian blue ( Figure 2A ) while CS:ase ABC digested controls ( Figure 2C ) showed no or only very faint LKN1 antibody staining.
Increased sulfation of CS/DS during arm regeneration GAG isolation from animals at three different regeneration stages ( Figure 3A -C) revealed an increasing proportion of highly sulfated disaccharide units ( Figure 3D-F) . Regeneration of arms was induced under experimental conditions by intersegmental ablation at a particular distance from the disc (Dupont and Thorndyke 2006 ) to achieve an expected extent of regeneration during a fixed observation period. Blastema after 1 week ( Figure 3A) , regenerates of~50% DI after 3 weeks ( Figure 3B ) and 95% DI after 5 weeks were collected ( Figure 3C ) and GAGs extracted. Data obtained were from three independent experiments with 100 regenerated arms each. The recovery of the di-and tri-O-sulfated disaccharides increased initially during the regeneration process ( Figure 3F ), while the content of di-O-sulfated units dropped with progressing differentiation. The tri-O-sulfated disaccharide remained at an enhanced level for a longer period resulting in a shift in the relative proportions of disaccharide units ( Figure 3D ), the tri-O-sulfated disaccharide 2S4S6S increasing with progressing regeneration while the relative proportion of the di-O-sulfated disaccharide 2S6S was correspondingly reduced. Whereas the overall amounts of CS/DS remained increased throughout the regeneration process ( Figure 3F ), and the positions of sulfate groups changed ( Figure 3D ), the total sulfation levels (~2.5 sulfate groups/disaccharide unit) stayed essentially constant ( Figure 3E ).
Arm regeneration is impaired by sulfate deprivation
To analyze the role of CS/DS in the regeneration process, we intervened in GAG biosynthesis by blocking sulfation using sodium chlorate treatment. This compound competitively inhibits the synthesis of the universal sulfate-donor, PAPS (Baeuerle and Huttner 1986) . Regrowth of the autotomized arms was continued over 4 weeks in chlorate-free controls (Figure 4 , 0 mM). After 4 weeks regenerates had well-developed small-scale arms with completely differentiated spines, podia (DI > 85%) and a short undifferentiated distal part with the terminal spine ( Figure 4 , 0 mM, 4 weeks). Incubation of animals at different concentrations of sodium chlorate induced significant changes in regeneration rates and regenerate morphology. Regeneration was significantly reduced in a concentration-dependent manner in individuals exposed to sodium chlorate (Figures 4 and 5A, P < 0.001) and completely inhibited at the highest concentration used (5 mM). After 4 weeks, differentiation was significantly impacted at 2 mM sodium chlorate (Figures 4 and 5B, P < 0.001). Relationships between the regenerated length (RL) and DI (ratio of GAGs isolated from arms and disc were completely degraded to disaccharides with CS:ase ABC and analyzed by RPIP-HPLC and fluorescence detection as described in "Methods." Peak areas were quantified against known amounts of standard disaccharides run in parallel, and each type of disaccharide was plotted as proportion of total recovered disaccharides. Following short abbreviations for disaccharides were applied in all relevant figures: 0S for ΔHexA1-3GalNAc, 2S:
Overall numbers of nonsulfated (0S), 2-O-sulfated (2S), 4-O-sulfated (4S) and 6-O-sulfated (6S) per 100 disaccharides and the overall degree of sulfation (total sulfation) were calculated and (C) the recovery of different disaccharide units related to dry weight of tissue is indicated. Error bars indicate standard deviation of an average of three independent analyses. differentiated vs. total regenerated arm length) are presented in Figure 5C . No significant differences were observed between the treatments indicating that the differences in DI after 4 weeks are an indirect effect of the reduced growth rates (shorter arms being less differentiated).
Gene expression of CS-synthetic enzymes
The level of tri-O-sulfated disaccharides (2S4S6S) increased at the expense of the di-2,6-O-sulfated disaccharides (2S6S) while the relative proportion of the di-2,4-O-sulfated disaccharides was essentially unchanged (2S4S) during regeneration ( Figure 3D) . We therefore sought to analyze gene expression levels of CS/DS biosynthetic enzymes responsible for this step of polymer modification at different stages of A. filiformis arm regeneration. Three of these enzymes were chosen based on these structural changes, the polymerase enzyme chondroitin synthase (AfChsy1), and the two sulfotransferases chondroitin-4-O-sulfotransferase 2 like (AfC4ST-2) and dermatan-4-O-sulfotransferase (AfD4ST). In parallel, we also analyzed BMP2/4 (Afbmp2/4), an identified A. filiformis growth factor involved in regulation of regeneration (Bannister et al. 2005) . Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analyses with gene specific primers (Supplementary Table 2) on cDNA of regenerates and nonregenerate controls indicated an increased gene expression of AfChsy ( Figure 6A ) and AfC4ST-2 ( Figure 6B ) at the 50% DI stage. AfD4ST ( Figure 6C ) expression, although consistently lower than that of the nonregenerated control, also varied between different regeneration stages. Notably, also Afbmp2/4 expression was increased at the 50% DI stage ( Figure 6D ). All four genes showed lower levels of expression at the initial and terminal stages of regeneration (blastema and 95% DI stage, respectively).
BMP binds to A. filiformis CS/DS GAGs
As BMP2/4 (Afbmp2/4) growth factor is known to be involved in regeneration of A. filiformis (Bannister et al. 2005) we decided to analyze the binding properties of BMP2 to A. filiformis GAGs by a gel-shift assay. Purified GAGs were allowed to interact with increasing amounts of BMP or BSA before the samples were separated by native TBE-PAGE. Migration of the negatively charged GAGs in the gel is hampered by any bound protein, which on their own move only marginally into the gel, thus resulting in a migration shift. At approximately equimolar concentration BMP indeed depleted the pool of free GAGs as compared to incubations with control protein (Figure 7 ).
Discussion
A. filiformis is characterized by exceptional regenerative capacity that allows the animals to regrow lost body parts following predation or other traumatic events (Patruno et al. 2001; Candia Carnevali 2006) . These brittlestars provide an excellent model system to study mechanisms involved in the regenerative process. Studies of experimental regeneration implicated members of the TGFß family, such as BMP2/4 in healing and regrowth of amputated arms (see Introduction). These molecules are known to interact with GAGs (Ohkawara et al. 2002) , of particular interest in relation to the exceptionally high sulfate content (Ramachandra et al. 2014) of the major GAG species, CS/DS of A. filiformis. Sulfation is essential in CS/DS interaction with proteins (Mizumoto et al. 2015) in fact, highly sulfated CS/DS epitopes have been specifically implicated in binding of Semaphorin 3A to perineuronal nets controlling neuronal plasticity and regeneration (Dick et al. 2013) . Notably, oversulfated CS/DS from different sources promote neuroregulatory activities and neuritogenesis (Ueoka et al. 1999; Kinoshita et al. 2001; Hikino et al. 2003; Nandini et al. 2004) . As regeneration in echinoderms is nerve dependent Biressi et al. 2010) highly sulfated CS/DS could potentially control proliferation or differentiation through interactions involving cell surface and/or EM PGs. We therefore decided to monitor the extraordinary GAG structures during the process of A. filiformis arm regeneration.
Arm and disc tissues contained similar amounts of CS/DS ( Figure 1C ), the most highly sulfated structures occurring in arms. No HS could be detected either by enzymatic or chemical cleavage (Ramachandra et al. 2014) (Supplementary Figure 1) . Due to the of arm explants were stained with Alcian blue at low pH (selective for GAGs; diagonally oriented arrows), counterstained with hematoxylin (nuclei; horizontally oriented arrows) and analyzed by light microscopy. Blue stain is found around epithelial layers lining the arm wall (aw), spine (s), podia (p), coelomic cavity (c) and surrounding muscle structures (m). (B) Immunostaining was performed on similar sections using phage-display antibody LKN1 (Lensen et al. 2006) against DS followed by incubation with secondary Cy3-coupled anti-VSV antibody. The fluorescent image of an arm section shows more staining by LKN1 antibody lining the arm wall (aw), spine (s), podia (p) and coelomic cavity (c) while (C) no or very weak signals were detected with a CS: ase ABC pretreated control. The scale bar indicates 100 μm. This figure is available in black and white in print and in color at Glycobiology online.
high proportion of the tri-O-sulfated disaccharide 2S4S6S ( Figure 1A ) the overall sulfation degree of these CS/DS units amounted to~2.4 sulfate groups/disaccharide unit ( Figure 1B) , similar to heparin from mammalian origins (Casu and Lindahl 2001) . Disc GAGs were by comparison slightly less sulfated. Experimental autotomy ( Figure 3A -C) induced a continuous increase in trisulfated 2S4S6S disaccharides with progressive regeneration, from blastema to the final regenerated arm ( Figure 3D and E) while di-O-sulfated disaccharide 2S6S was correspondingly decreased. The proportion of 2S4S disaccharides remained more or less constant during the regeneration period. The eliminase digestion used to degrade the GAG chains converts GlcA and IdoA units to the same 4,5-unsaturated product, such that the GlcA/IdoA ratio of the parent CS/DS could not be assessed (Hernáiz and Linhardt 2001) . Notably, however, whereas both hexuronic acid types may be 2-O-sulfated, the IdoA residues of DS are a more frequent target (Kobayashi et al. 1999) .
CS/DS was mainly localized to ECM structures as detected by staining with the cationic dye Alcian blue or a phage-display antibody against a DS-motif containing 2S4S disaccharides (Lensen et al. 2006) (Figure 2 ) and could potentially participate in the regeneration process. Histological and ultrastructural studies of intersegmental connective tissue in echinoderms had earlier shown that the ECM is dominated by collagenous tissue with CS/DSPGs and other, noncollagenous proteins present (Trotter and Koob 1989; Erlinger et al. 1993; Trotter et al. 1996; Kariya et al. 1997 ). This structural organization of the ECM has been implicated in autotomy (defensive self-detachment mechanism) and energy-sparing maintenance of posture (Wilkie 2002; Wilkie 2005) . Importantly, cloning of A. filiformis BMP2/4 (AfBMP2/4) and in-situ hybridization of Enzymatic digestion was performed with CS:ase ABC on GAGs isolated from 100 regenerating arms and the proportion (D), sulfate distribution (E) and recovery of disaccharide units were plotted (F). Nonregenerated, nonectotomized arms served as controls. Error bars show standard deviation of three independent experiments. This figure is available in black and white in print and in color at Glycobiology online.
regenerating arms showed expression in coelomic cavities (Bannister et al. 2008 ), similar to the localization of CS/DS (Figure 2 ). Since our results pointed to a functional role for highly sulfated CS/DS chains in A. filiformis arm regeneration, we employed the sulfation inhibitor, sodium chlorate to test this supposition. Sodium chlorate competitively inhibits ATP-sulfurylase, an enzyme involved in synthesis of PAPS, the universal sulfate donor for various biomolecules (Baeuerle and Huttner 1986) . Reduction of PAPS synthesis will lead to undersulfated GAGs and interfere with the functional properties of the polysaccharide chains. Chlorate treatment of human fibroblasts affected sulfation patterns (Greve et al. 1988 ) and also the epimerization of glucuronate to iduronate (Silbert et al. 1986 ). Our observations showed that sodium chlorate had an inhibitory effect on the regeneration capability. A moderate negative effect on regeneration rate with no effect on differentiation was observed at 1 mM chlorate concentration, a decrease in both regeneration and differentiation rates at 2 mM and complete inhibition of regeneration at 5 mM (Figures 4 and 5) . However, the relationship between regenerate size and DI demonstrated that the impact of sodium chlorate on differentiation was indirect. When corrected per length, regenerates were more differentiated after exposure to sodium chlorate ( Figure 5B ). Thus, our experimental results suggest that sodium chlorate treatment impacts regeneration mainly by affecting tissue growth, potentially by modulating cell proliferation, survival/apoptosis or migration, but not differentiation ( Figure 5C , Supplementary Table 2) . Similarly, addition of sodium chlorate to cultured glioma cells showed that undersulfation of GAGs affects proliferation rates negatively (Mendes de Aguiar et al. 2002; Lobão-Soares et al. 2007 ). Studies on embryonic development of Strongylocentrotus purpuratus revealed multiple developmental effects of chlorate treatment, indicating an important role of sulfated GAGs in oral-aboral axial patterning and gastrulation (Bergeron et al. 2011 ). The demonstrated interaction of A. filiformis GAGs to BMP (Figure 7) and their capacity to support growth factor induced cell signaling (Ramachandra et al. 2014 ) agree with the notion that highly sulfated CS/DS domains are required for signaling events of importance in arm regeneration.
The change in sulfation patterns of A. filiformis CS/DS during arm regeneration are presumably due to modulation of a nontemplate driven biosynthetic machinery, of so far poorly defined molecular organization. To further understand this process, we initiated the identification of genes involved in CS/DS biosynthesis and their expression level during regeneration. Guided by the observed product structures during regeneration we selected three candidate genes from the CS/DS biosynthetic machinery and designed primers to measure expression levels in brittlestars (Supplemetary Table 2 ). In accord with our working hypothesis the A. filiformis orthologue of the vertebral growth factor BMP2/4 (Burns et al. 2011 ) was included in the experimental design. Expression of AfChsy, AfC4ST-2 and Afbmp2/4 increased during the 50% DI stage as compared to the initially lowered levels at the blastema stage and the 95% DI stages (Figure 6 ). The increased sulfotransferase expression correlates well with the increased sulfation at the 50% DI stage (Figure 3) . However, the further increase in tri-O-sulfated disaccharide structures during later stages does not correlate with the drop in enzyme expression at that stage. Notably, at that point of development, arms are almost completely developed to final structure and function (podia, spines, innervation) and may not need any further production of macromolecules except for continuous turnover. Yet, the collection of material for GAG analysis included all material produced thus far and could therefore still reflect the increased activity during earlier phases of regeneration. We cannot exclude, however, that some of the enzymes have a longer half life thus eliminating the need for continuous upregulation throughout the entire regeneration period.
Although many studies have focused on heparin (Zhao et al. 2006) or HS (Hu et al. 2009; Kuo et al. 2010) and BMP signaling, work on CS/DS has been carried out to understand its effect on growth factor action (Miyazaki et al. 2008) . CS/DS is known to interact with various growth factors such as fibroblast growth factor, pleiotrophin, midkine (Nandini and Sugahara 2006) , BMP2 or 4 (Takagi et al. 1999; Miyazaki et al. 2008) , thereby participating in different cellular activities. Similar to the sulfotransferases and the ChSy, expression of Afbmp2/4 was higher at the 50% DI stage than at the blastema of fully differentiated stages ( Figure 6 ) (Bannister et al. 2005; Bannister et al. 2008) . While these findings agree with the notion of increased growth factor signaling promoted by highly sulfated CS/DS (Takada et al., 2003) , we are not yet able to define the functional role(s) of the polysaccharides at the molecular level. They may serve to stabilize morphogens, such as BMPs during various phases of the regeneration process, for instance by protecting them against proteolytic degradation. They may assist in creating optimal topology of growth factor(s) and receptor(s), or even in actual signaling events. Yet other alternatives may be considered, involving growth factors in control of GAG biosynthesis. Gene-trap screening of target genes in undifferentiated and differentiated mouse embryonic cells, tracked BMP2 as a spatio-temporal regulator of C4ST during differentiation of mouse embryogenesis (Klüppel et al. 2002) . Similar studies have demonstrated TGFβ protein to be an activator of cis-regulatory elements in C4ST (Chst11) (Klüppel et al. 2005; Willis et al. 2009 ).
In the current study we have shown that highly sulfated CS/DS chains change in structure during induced A. filiformis arm regeneration and identified two CS/DS-sulfotransferases potentially involved in this process. Moreover, regeneration is hampered in the presence of the sulfation inhibitor, sodium chlorate. It will be important to identify the molecular processes by which proliferation is controlled in the regeneration process, to define the role of sulfated GAGs and to characterize regulation of the biosynthetic enzymes catalyzing CS/DS formation in A. filiformis.
Materials and methods

Materials
Chondroitinase (CS:ase) ABC was purchased from Seikagaku Corp. (Tokyo, Japan), and heparin lyases I-III from IBEX (Montreal, Canada). Benzonase was obtained from Merck, and protease Type XIV from Sigma. Disaccharide standards (4,5-unsaturated CS disaccharides and 4,5-unsaturated HS disaccharides) were from Iduron and Sigma, respectively. Heparin from bovine lung was purified as described previously (Lindahl et al. 1965) ; HS from swine intestine was a gift from G. van Dedem (Diosynth, Oss, The Netherlands). DEAE-Sephacel gel, PD-10 and PD-MidiTrap TM G-25 desalting columns were from GE Healthcare Biosciences (Uppsala, Sweden). Spectra/Pro dialysis bags with molecular cut-off 3000 were obtained from Spectrum Labs (Canada). Recombinant human BMP2 expressed in HEK293 cells was purchased from Sigma. Tissue-Tek OCT and AqueousMount were purchased from HistoLab (Göteborg, Sweden). Alcian Blue (8GX) was from Fluka (Switzerland). Primary phage display antibody (LKN1) was produced as described (Lensen et al. 2006) , and secondary Cy3 (550 nm excitation/570 nm emission) mouse anti-VSV monoclonal antibodies were purchased from Sigma. TriZol and 1-bromo-3-chloro-propane were from Sigma. RiboPure TM was purchased from Ambion Europe Ltd (Huntingdon, UK). An iScript TM -cDNA synthesis kit was from BioRad. Quantitative PCR (qPCR) chemicals SYBR ® Green PCR mastermix, MicroAmp ® , optical adhesive films and 96 well optical reaction plate (code 128) were supplied by Applied Biosystems (Warrington, UK). Gene specific primers were obtained from Invitrogen (Supplementary Table 1 ). All plastics used for extraction, cDNA synthesis and qPCR were of DNA/RNA and RNase free quality. All other reagents were of best grade available.
Collection of brittlestars
A. filiformis (Echinodermata, Ophiuroidea) were collected in the vicinity of the Sven Lovén Center for Marine Sciences, Kristineberg (Fiskebäckskil, Sweden) using a Petersen mud grab at 25-40 m depth. Samples were separated from the sediment cores by gentle rinsing in seawater and maintained at 14°C as described (Dupont and Thorndyke 2006) . 
Arm regeneration
Animals with no evidence of recent regeneration in arms were chosen for amputation as described (Dupont and Thorndyke 2006) , and sedated in artificial seawater containing 170 mM MgCl 2 .
Briefly, two arms per individual were amputated at a calculated distance from the disc to standardize regeneration and differentiation rates (Dupont and Thorndyke 2006) . Control, nonregenerated arms without any prior marks of regeneration were collected from other animals kept under identical conditions at the same time as arms from the regenerating individuals were sampled. For analysis of GAGs during the regeneration process, 50 stars (100 arms) were sampled for each condition and time point. The regenerates were collected from the animals, 1-week p.a. (undifferentiated "blastemastage"), 3 weeks p.a. ("50% differentiation") and 5 weeks p.a.
("95% differentiation"). Nonregenerating and regenerating arm samples were snap frozen in liquid nitrogen and kept at −80°C until further analysis. For regeneration of arms under PAPS deprivation, 10 animals per replicate (four replicates/treatment) were kept in filtered seawater containing 0, 1, 2 or 5 mM sodium chlorate. A. filiformis were amputated as described above. Sodium chlorate was added freshly every week over the 4-week experiment period. Flasks were aerated and animals fed using Rhodomonas spp. every second day. Stress levels of animals were routinely surveyed by recording their autotomy and affected individuals discarded. All regenerates were photographed weekly using a Leica MZ75 stereomicroscope (CLS 150XE lights objective and a Leica Digilux 18.102 camera). Regenerated total length (RL in mm) and length of the differentiated part (DL in mm) were measured and the number of arms presenting recent autotomy was also noted for each individual Supplemetary Figure 3 ). Regeneration rate (RR in mm/week) was calculated as the slope of the significant simple linear regression between the RL (in 
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Relative Gene Expression were incubated with increasing amounts of BMP2 and BSA as indicated (in ng) and the samples were separated by TBE-PAGE followed by GAG staining with Alcian blue/silver. Unbound, freely migrating GAGs are indicated by a bar to the right. This figure is available in black and white in print and in color at Glycobiology online. mm) and time (in weeks). A DI (as percentage) was calculated as the proportion of the regenerate that was completely differentiated (0 if the regenerate is completely undifferentiated and 100% if the arm is completely differentiated): DI = DL/RL × 100. The autotomy index was calculated as the percentage of autotomized arms per individual (0 for intact individual, 100 for individual with five autotomized arms).
Isolation of GAGs
GAGs were isolated from whole animals, arms and discs by a microscale method, as described (Ramachandra et al. 2014) . Briefly, the tissues were homogenized and subjected to protease and nuclease digestion before separation of GAGs from other cleavage products by anion-exchange chromatography on a DEAE-Sephacel column, eluted using a step-wise salt gradient. Fractions collected were tested for uronic acid content, dialyzed against H 2 O in dialysis bags with 3000 MW cut-off or desalted on PD10 columns and dried.
GAGs were quantified by measuring uronic acid colorimetrically by the meta-hydroxy-diphenyl method (Blumenkrantz and AsboeHansen 1973) with GlcA as standard. The saccharide mass was calculated by multiplying with an arbitrary factor 3.
Analysis of A. filiformis GAGs
Purified GAGs (1 μg) from arms and discs were subjected to enzymatic digestion with CS:ase ABC as described previously (Ramachandra et al. 2014 ). Products were analyzed by RPIP-HPLC essentially as described (Ledin et al. 2004; Ramachandra et al. 2014 ) and TBE-PAGE on 15% gels (Pelkonen and Finne 1989) . Gels were stained by Alcian blue, followed by ammoniacal silver as described (Lyon and Gallagher 1990; Ramachandra et al. 2014 ) and scanned for documentation. For gel-shift assays 200 ng of purified GAGs were incubated with increasing amounts of recombinant BMP2 or BSA as indicated, and were then analyzed by TBE-PAGE on 15% polyacrylamide gels.
Histology of brittlestar arms
Nonregenerating arms and arms with natural regenerates were cut transversally and fixed in 4% paraformaldehyde (PFA) for 2 h at room temperature. Arms were decalcified in 0.5% EDTA in phosphate buffered saline (PBS: 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 pH 7.4, 137 mM NaCl, 2.7 mM KCl) containing 0.1% PFA for 24 h at room temperature (Chevrier et al. 2005) . Samples were subsequently washed with PBS, preserved in sucrose solution (30%) for a few days at 4°C, embedded in resin medium (Tissue-Tek TM OCT) before freezing in isopentene on dry ice. Sections (5 μm) were cut using a Leica CM 1800 cryostat and collected onto superfrost slides, air dried for 10 min followed by fixation in ice cold methanol for 1 h. The sections were stained with Alcian blue solution at pH 2.5 selective for sulfated GAGs (Noborn et al. 2011) followed by counterstaining with Mayer's hematoxylin (Mayers 1896; Lillie et al. 1976 ) and eosin (Jocelyn and Bruce-Gregorios 1974; Lillie et al. 1976) . Slides were carefully washed with tap water and distilled water after each staining step. Sections were mounted using AqueousMount and analyzed using a Nikon (Eclipse) 90i microscope in bright field mode with a 10× objective.
Immunohistochemistry
Sections (5 μm) of embedded arm samples were fixed and hydrated as described above. The sections were blocked using PBS-Tween 20 (0.1%) (PBST) containing 2% (w/v) bovine serum albumin (BSA) for 30 min followed by incubation with primary antibody LKN1 (Lensen et al. 2006 ) diluted 1:10 in blocking buffer (PBST with 2% BSA) for 1 h at room temperature. Sections were washed subsequently with PBST followed by treatment with secondary antibody (Cy3-labeled anti-VSV monoclonal antibody, diluted 1:10,000 in PBST-BSA) for 1 h at room temperature. Control to check specificity of the antibody was done by enzymatic digestion of the samples in 0.1 ml of 20 mM Trisacetate buffer, pH 8.0, containing CS:ase ABC (20 mU) for 3 h at 37°C in a humid chamber. Another control without primary antibody was performed in parallel. Sections were mounted using AqueousMount and analyzed using a fluorescence microscope (Nikon Eclipse 90i) with a Cy3-filter under 10× objective.
RNA extraction and cDNA synthesis RNA was extracted individually from 30 nonregenerated arms and 3 pools of 100 regenerated arms each, from the different stages (blastema, 50 and 95% DI). Samples were homogenized after adding 1 ml of TriZol using an electric homogenizer-IKA ® T10 basic Ultra-Turrax on ice followed by RNA extraction using RiboPure Kit™. A Nanodrop spectrophotometer was used to check for RNA quality and quantity. cDNA was synthesized from 1 μg of total RNA using random hexamers according to the iScript™ cDNA Synthesis Kit manual. Nonregenerating arms were used as controls and RNA extraction and cDNA synthesis were carried out as for regenerates.
Sequence analysis
DNA sequence homology search was performed through NCBI tBLASTn (Altschul et al. 1990; Altschul et al. 2005 ) through comparison with the 454 GS-FLX transcriptome library from A. filiformis regenerated arms (data not published). Only sequences with an E-value cut-off of 1 × 10 −6 were selected for further analysis. All DNA sequence data will be submitted to NCBI Genbank (accession numbers to be added after submission).
Quantitative polymerase chain reaction
Amino-acid homology data based on bioinformatic tools (BLAST and Clustal W) of A. filiformis contig expressed sequence tags revealed conserved sequences coding for different CS/DS synthesis and modification enzymes (sulfotransferases). Three annotated clones were selected for gene expression studies and primers were designed using Primer 3 program (Rozen and Skaletsky 2000) (Supplemetary Table 1 ). A universal 18S internal standard was chosen as control for gene expression. cDNA at a dilution of 1:100 was taken as optimum concentration and qPCR was performed using SYBR ® Green PCR mastermix on an Applied Biosystem 7300 Realtime PCR system according to the manufacturer's instructions. Following cycling conditions were used: Initial denaturation at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of amplification (95°C for 15 s and 60°C for 1 min) and a final cycle of dissociation at 95°C for 15 s, 60°C for 1 min, 95°C for 15 s and 60°C for 15 s. Each qPCR run was performed using three technical replicates and two biological replicates for each regeneration stage and compared to nonregenerating arms as controls. The results were analyzed using the REST-2006 Microsoft Excel macro (Pfaffl et al. 2002) to produce a log2 ratio of expression for each gene in an experimental group relative to the expression in the control group.
Statistical analyses
Analysis of variance (ANOVA) and simple linear regression model were used to test the relationship type between variables. The Shapiro-Wilk test (Shapiro and Wilk 1965) was used to check that the data were normally distributed and the Levene test was used to check that variances were homogenous. All statistical analyses were performed using SAS/STAT ® software (SAS Institute Inc., Cary, North Carolina, 1990) .
Supplementary data
Supplementary data for this article are available at Glycobiology online. 
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